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of COSY-type Correlations
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Abstract: The COSY experiment is an essential homonuclear
2D NMR experiment for the assignment of resonances. Its
multiplet line shape, however, is often overly complicated,
potentially leads to signal intensity losses, and is responsible for
long minimum overall acquisition times. Herein, we present
CLIP-COSY, a COSY-type experiment yielding clean in-phase
peaks. It can be recorded within a few minutes and benelfits
from enhanced signal intensities for most cross-peaks. In
combination with non-uniform sampling, the experiment times
can be further reduced, and the in-phase multiplets enable the
application of modern homonuclear decoupling techniques in
both dimensions. As antiphase cancelations are avoided,
CLIP-COSY can also be applied to macromolecules and
other samples with broadened lines.

The COSY experiment was the first 2D NMR experiment
reported;“] however, it is still invaluable for the structure
elucidation of small molecules as it enables the assignment of
resonances of adjacent protons in a covalently bonded
network. The COSY experiment can be recorded either in
a phase-insensitive or a phase-sensitive way, the latter
offering higher resolution. To date, many routine applications
use phase-insensitive COSY experiments to reduce the
experiment duration. Because of the enhanced resolution of
pure phase spectra, it would be highly desirable to be able to
acquire phase-sensitive COSY spectra within a few minutes
for routine NMR spectroscopy of small molecules and
metabolomics-type applications. Herein, we introduce the
CLIP-COSY experiment, which provides COSY data in short
acquisition times without introducing unfavorable dispersion-
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mode signals and is compatible with homonuclear decoupling
during acquisition, which can simplify the spectra.

Variants of COSY with improved phase behavior,”
suitable signal shape for coupling measurements,”’! constant-
time acquisition,”*! and relayed transfer steps have already
been reported.’! All of these experiments, including the
widely used double quantum filtered COSY (DQF-
COSY).,2 acquire so-called antiphase multiplets with
severe disadvantages as will be discussed in the following.

A sine-modulated antiphase FID starts at zero intensity
and therefore requires a minimum acquisition of data points
to avoid a severe reduction in signal intensity (Figure 1A).
Thus the digital resolution must be high enough to resolve the
active coupling to avoid cancelation of the positive and
negative multiplet components (Figure 1B). Assuming typi-
cal '"H-'H coupling constants of J=4-10 Hz, a minimum of
1024 real points typically have to be acquired for #; on
a 600 MHz spectrometer, leading to acquisition times of at
least 30 minutes per sample, independent of the signal
intensity.
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Figure 1. Comparison of in-phase (IP) and antiphase (AP) multiplet
patterns. A) Cosine- and sine-modulated FIDs lead to in-phase and
antiphase multiplet patterns, respectively. B) Truncated FIDs limit the
signal intensities in the antiphase case. C) Overlapping multiplet
components originating from passive couplings (here: doublet of
doublets) partially cancel antiphase signals. D) Linewidths that are
broader than the underlying coupling attenuate antiphase signals.

A second drawback emerges in the case of unresolved
multiplet components: Passive couplings lead to the partial
cancelation of positive and negative multiplet components,
reducing the sensitivity (Figure 1C). Similarly, broad lines
originating from field inhomogeneities, exchange broadening,
or fast transverse relaxation lead to cancelation of antiphase
signals (Figure 1D). Therefore, for fast acquisition of spectra
and to avoid cancelation artefacts, a COSY-type pulse
sequence with in-phase multiplets is required.

Several in-phase variants of COSY have already been
reported: SUPER-COSY! provides absorptive in-phase
cross-peaks but leads to undesired dispersive antiphase
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diagonal peaks. ISECR-COSY! results in a similar behavior
in the directly detected dimension. DQF-ISECR-COSY!
finally provides the desired absorptive cross- and diagonal
peaks, but requires a large number of scans per increment to
be acquired. IP-COSY™ also leads to the desired signal
shapes, but the constant-time approach in the indirect
dimension limits the accessible resolution and potentially
distorts the peak intensities.

As none of the published in-phase experiments enables
the rapid acquisition of COSY-type correlations, we designed
a pulse sequence based on the general scheme introduced by
Thrippleton and Keeler.'? In the presented clean in-phase
COSY (CLIP-COSY) experiment (Figure 2A), in-phase to
in-phase coherence transfer between directly coupled spins is
ensured using a perfect echo sequence! as the mixing
element. Antiphase and zero quantum contributions are
removed by two single-scan z-filter elements flanking this
mixing period.
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Figure 2. A) CLIP-COSY pulse sequence. The experiment can be
acquired with a single scan per F, point; for additional scans, the
pulse phases were ¢ = (x)o(—X)a; B2=V, =V, =V, y; Bs=—y, —x, =y, —%;
Ga=X, X, =X, —X; Pec =X, —X, —X, X, —X, X, X, —X. The States-TPPI
progression was performed on ¢,. Pulse phases are x unless denoted
otherwise. Filled rectangles represent 90° pulses, and open rectangles
represent 180° pulses; open rectangles with frequency sweep and
simultaneous application of gradients indicate z-filters.”! The version
with shaped pulses can be found in the Supporting Information.

B) CLIP-COSY pulse sequence modified for solvent suppression and
optimized for large molecules, such as proteins in H,O. The second
zfilter element has been replaced by excitation sculpting!” using

a binomial 3-9-19 sequence;""! pulse phases have been adapted to
avoid —z magnetization; ¢, =x; ¢, =x, —x; =y, —y;

o= W4 a(—01 (V)65 b= (02()2(~X)2(—1)2; dec=%, —x with States-
TPPI progression of ¢.

The previously published IP-COSY™ method can be seen
as a nested constant-time variant of CLIP-COSY, optimized
for systems where resolution is limited by the inherent
linewidth. The CLIP-COSY pulse sequence can be applied
using a single scan per increment and has full flexibility
concerning the acquisition parameters in both dimensions.
Water suppression may be applied either by presaturation
during the recovery delay or by the addition of WATER-
GATE,"1 excitation sculpting,'”’ or PE WATERGATE!™
before acquisition.

The performance of the Thrippleton—-Keeler z-filters
increases with their duration, but polarization transfer by
nuclear Overhauser enhancement (NOE), chemical
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exchange, or conformational interconversion and TOCSY-
type transfer between strongly coupled spins may occur
during this period, leading to artifacts (see the Supporting
Information). Therefore, a compromise between short dura-
tion and good performance has to be found. The desired
adiabatically swept inversion can be achieved by CHIRP!® or
BIP/BIBOP-type pulses'’”! or by specific, optimal control
(OC) derived pulses. Simulations have shown that quasi-
adiabatic pulses are highly efficient down to a length of about
Sms. For shorter pulses, OC pulses have slightly better
artifact suppression efficiencies (unpublished results). In our
experience, the best results for CLIP-COSY are obtained with
z-filters of 0.25-0.5 ms for large molecules such as proteins
and with filters of 10-20 ms for small molecules with slow
NOE build-up.

In Figure 3, a conventional DQF-COSY, a variant of the
IP-COSY with the Thrippleton-Keeler z-filter,and a TOCSY
experiment with a short mixing time are compared with
CLIP-COSY (see also the Supporting Information, Figures
S4-S9).

The DQF-COSY spectrum, although recorded with high
resolution in the indirect dimension, has the lowest intensity.
The spectrum had to be scaled by a factor of four to show the
main cross-peaks, and some of the cross-peaks are still missing
compared to the in-phase spectra. The IP-COSY, acquired
with an overall mixing period of 2(7,+ T,,) =52 ms as a good
compromise between efficient coherence transfer and con-
stant-time resolution, achieves significantly better cross-peak
intensities. The CLIP-COSY spectra are of even higher
intensity owing to the independently adjustable mixing
period. Finally, the DIPSI-2 TOCSY experiment enables the
acquisition of intense spectra with a short mixing time of
35 ms, but a number of cross-peaks from relayed correlations
are visible, which are undesired in COSY-type applications.

The comparison also shows the dramatic reduction of the
overall experiment time that can be achieved without
a significant compromise in F; resolution. CLIP-COSY can
be easily combined with non-uniform sampling (NUS)
methods,"™™ such as compressed sensing. In this case, it is
sufficient to acquire 76 data points for ¢, corresponding to 256
real data points with a NUS density of 30 %, further extended
to 512 points by linear prediction, for collecting a highly
resolved and well-interpretable CLIP-COSY spectrum in
three minutes (Figure 3 D). It should further be noted that the
CLIP-COSY experiment enables a drastic reduction of the
recovery delay (see, e.g., the spectrum of rebaudiosoide A in
Figure S10A). To facilitate the comparison of signal inten-
sities, this was avoided in Figure 3.

As CLIP-COSY spectra feature full in-phase multiplets,
homonuclear decoupling methods for pure shift spectral'”! can
directly be applied in both dimensions. As a proof of
principle, we recorded a CLIP-COSY spectrum with
F,-PSYCHE decoupling!" for menthol (Figure S12).

The CLIP-COSY method can be conveniently applied to
molecules dissolved in water using the mentioned water
suppression schemes. For protein samples, the second z-filter
can be replaced by an excitation sculpting element as for large
molecules, zero quantum artifacts are less of an issue (Fig-
ure 2B). In Figure 4, the fingerprint region of hen egg-white
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Figure 3. Aliphatic regions of example spectra acquired for 13.7 mm hydroquinidine in CDCl,.
A) Conventional DQF-COSY, 4096 x 1024 points recorded in 32 min 46 s. The peak intensities
were multiplied by a factor of four to show the main cross-peaks. B) IP-COSY with the z-filter,
4096 x 384 points recorded in 13 min 3 s. The F, resolution is limited by the IP-COSY’s
constant time/overall mixing period of 52 ms. C) CLIP-COSY, 4096 x 1024 points recorded in
34 min 18 s using an overall mixing period of 2A =33.33 ms. D) CLIP-COSY, 4096 x 76 non-
uniformly sampled points (30% NUS), recorded in 2 min 59 s, reconstructed to 4096 x 512
points using compressed sensing and linear prediction; 2A =33.33 ms. E) TOCSY with the
z-filter, 4096 x 1024 points recorded in 34 min 24 s using DIPSI-2 with a mixing time of

34.5 ms. F) F, traces extracted from spectra (A)—(E) at 3.11 ppm as indicated by the dashed
gray line. Spectra A, C, and E were acquired at the same resolution. For the signal assignment,
see the Supporting Information.
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lysozyme, which consists of 129 amino
acids, is shown as an example.

The in-phase COSY variants show
their full strength when lines are broad-
ened by exchange or fast transverse
relaxation. In such cases, DQF-COSY
experiments suffer from prohibitive
signal intensity losses. As demonstrated
for N-methyl-4-piperidinol, which shows
broadened lines owing to ring inver-
sion,™  the sensitivity advantage
obtained with the in-phase COSY tech-
niques can be quite drastic (see Figure 5;
for the full spectra, see Figure S11).

For a critical evaluation of the CLIP-
COSY method, the two potential draw-
backs also have to be discussed in detail:
Because of the central in-phase to in-
phase coherence transfer step, in contrast
to conventional COSY experiments, it is
necessary to specify a mixing period of
a certain duration. This implies that the
coherence transfer will vary between
different mixing delays A and will
depend on the actual spin system. In the
weak-coupling limit and neglecting relax-
ation, integrated cross-peak intensities in
the CLIP-COSY are described by
Eq. (1), with the active coupling J,, and

n m
I, =sin’nJ,4 H cosm/ ;A H costt/ ;A
iz s

1)

the passive couplings J;; and J;; to the
(n—2) and (m—2) neighboring spins of
corresponding spin systems.
In theory, for a two-spin system, mixing
times with A up to 50 ms should be
practical. However, in our studies, we
found that delays of A=15-25ms are
a better compromise for more complex
coupling networks. In most applications
with active coupling constants of J>
3 Hz, mixing times of around A =15 ms
are advantageous whereas the detection
of weaker couplings might require longer
mixing times. In contrast to CT experi-
ments such as IP-COSY, such short
mixing periods do not limit F, resolution.
Aside from variations in the signal
intensities, the specified mixing period
also potentially leads to relayed cross-
peaks if at least two spins of the spin
system are strongly coupled. This effect
has been discussed previously and is
common to all in-phase COSY
approaches (see Ref. [8] and the Sup-
porting Information). Finally, it should
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Figure 4. H"-H" fingerprint region of a CLIP-COSY spectrum of 1 mm
lysozyme in 90% H,0/10% D,O using the pulse sequence shown in
Figure 2B. The transfer delays were set to A=16.7 ms and A’=25 ms;
4096 x 512 points were recorded in 1 h 27 min, with four transients per
F; point.
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Figure 5. F, traces extracted from CLIP-COSY (upper traces), IP-COSY
(middle traces), and DQF-COSY (lower traces) spectra, collected for
N-methyl-4-piperidinol at 283 K. The traces were extracted at F,
frequencies of A) H’s and B) H*. All traces were plotted at the same
noise level. For the CLIP- and IP-COSY spectra, 64 F, points were
collected, and the same effective mixing time was used,
2A=2(T.+T,) =52 ms. The DQF-COSY spectrum was collected with
512 F, points to avoid truncation (8-fold experiment duration). Signals
marked with asterisks are caused by #, noise at the N-CH; frequency.

be mentioned that the performance of the z-filter inherently
must break down close to the diagonal,””’ and corresponding
multiplets might get distorted. Such distortions, however, are
inherent to all COSY-type experiments for strongly coupled
spins.

In summary, the CLIP-COSY method has been intro-
duced as an easy-to-handle COSY experiment that provides
high quality in-phase multiplet patterns. The main advantage
of the CLIP-COSY experiment is the possibility to rapidly
acquire spectra with full absorptive line shapes in a few
minutes, especially when combined with non-uniform sam-
pling methods. For signals with line broadening due to
exchange, large improvements in sensitivity can be achieved
compared to DQF-COSY experiments. The sequence does
not limit the F; resolution and enables the combination of
COSY with modern homodecoupled acquisition methods as
for TOCSY/NOESY experiments.**?!] Owing to the strongly
reduced experiment time, the acquisition of absorptive
COSY-type correlation spectra will be amenable as a routine
NMR method and might also find applications in metabolo-
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mics studies and quality control as a sensitive high-resolution
2D experiment.
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